Accurate spare parts demand planning and effective distribution planning is essential for providers of after-sales services in the machine and plant engineering industry to ensure high spare parts availability for maintenance and failure orders (callouts) at a reasonable cost. Low spare parts availability is primarily the result of high uncertainty in spare parts demand, leading to misallocation of parts within aftersales service networks. The lack of spare parts availability causes equipment downtime, resulting in customer dissatisfaction and possible penalty costs for after-sales service providers, if response times are contractually fixed. This paper proposes an approach and planning methods for integrating real-time status information about equipment utilization and service conditions to determine optimal spare parts stocking strategies. For this purpose, spare parts stocking strategies and ordering policies for application in after-sales service networks are analyzed. Furthermore, a binary linear optimization model is developed for the assignment of stocking strategies to spare parts based on real-time demand information of the equipment to be serviced. This method uses data provided by an internationally operating elevator company.
INTRODUCTION
High spare parts availability is essential for providers of after-sales services to efficiently carry out equipment maintenance, troubleshooting, or repair. The spare parts supply is fulfilled via an after-sales service network composed of central (CDC) and regional distribution centers (RDC), branches, and service cars or service technicians, upon which distribution chains are built (see Figure 1 ). This type of after-sales service network structure is very common in the machine and plant engineering industry, particularly the elevator industry. The spare parts demand and distribution planning requirements in after-sales service networks can vary tremendously among different industries. Figure 2 shows the relevant characteristics describing aftersales service networks and network characteristic forms considered in this research work.
In the networks considered in this research work, aftersales service providers offer product services by undertaking contractually specified maintenance and troubleshooting activities for an annual rate (cf. Dombrowski & Winnefeld, 2012) . Due to the increasing scope of such services, they are offered for both their own and third-party equipment, resulting in a variety of equipment types to be serviced (Baader et al., 2006) . Further, two main customer types exist: 1) customers who operate very few or a single number of equipment at a particular customer location; these are mostly private customers; and 2) customers who operate at large-scale locations with a large number of equipment at one location; these are mostly business customers. Due to the immobility of the equipment, maintenance and repair is solely conducted on-site at the customer location. Therefore, service technicians require service cars for servicing this equipment and holding spare part inventories. Response time requirements in these networks are mainly non critical due to frequently redundant equipment application; however, a small portion of service contracts specifies highly critical response time requirements. The existing spare parts are mainly small parts, which are shipped via courier express parcel (CEP) services to the desired location by single shipments, since the demand of the decentralized entities is low and sporadic (cf. Muhammad Naiman Jalil, 2011) . The organizations of concern are large-scale enterprises that operate hundreds of branches and deploy thousands of service technicians to achieve appropriate customer proximity, resulting in very decentralized network structures (cf. Dekker et al., 2013; Muhammad Naiman Jalil, 2011) . Hence, a small number of central entities, such as central and regional distribution centers, serve a large number of branches and service technicians To maintain high spare parts availability with a reasonable logistics cost in these large scale network structures, providers of after-sales services need to adequately forecast spare parts demand and effectively make appropriate decisions for the various network entities -such as CDCs, RDCs, branches, and service cars -regarding sourcing, allocating, and disposing of spare parts. These planning tasks can be aligned with demand planning and distribution planning in the supply chain management task model, developed by Kuhn and Hellingrath (2002) . Since demand planning is the fundamental basis for subsequent stocking decisions, such as where and how much to stock and when to order, after-sales service provider can only make decisions by integrating both planning tasks (cf. Ihde Operations and Supply Chain Management 8(1) pp. 1 -10 © 2015 et al., 1999 Schuh et al., 2013; Klug, 2010; Hayashi et al., 2009) . The definitions of these two planning tasks originate from conventional logistics networks, such as retail or production networks, but they are appropriate in the context of after-sales service networks. However, in after-sales service networks, demand and distribution planning of spare parts are even more complex planning tasks, particularly in highly service-oriented manufacturing industries such as the elevator industry. In this industry, the equipment to be serviced (equipment portfolio) comprises equipment from several decades and different manufacturers, leading to high equipment heterogeneity (cf. Hertz & Finke, 2011; Dispan, 2007) . Moreover, new installations, high cancellation rates of service contracts, and the consolidation of markets due to mergers and acquisition activities lead to a steady fluctuation in the equipment portfolio (cf. Blakeley et al., 2003; Baumbach, 2004) . Consequently, after-sales service providers need to plan for numerous parts in severely uncertain and volatile markets (cf. Cohen et al., 2006; Hertz & Finke, 2011) . Therefore, after sales service providers cannot make decisions based solely on historical demand data (cf. Niggeschmidt, 2010; Ihde et al., 1999; Thormann, 2014) . Additionally, the highly decentralized network structures increase the complexity in determining optimal decisions that minimize the total logistics cost for the entire service network, such as shipping, holding, handling, or ordering costs, since strong reciprocity exists among the planning decision of each network entity. 
Figure 1 After-sales service network and distribution chains

SPARE PARTS DISTRIBUTION PLANNING IN AFTER SALES SERVICE NETWORKS
Research in spare parts distribution planning in the last decades has focused on different aspects of distribution planning, such as inventory control. However, approaches to inventory management in multi-echelon networks that introduce the subject of spare parts allocation and disposition are rare. The next section briefly introduces some of these approaches. Next, relevant spare parts stocking concepts and inventory policies are briefly presented as a theoretical foundation for this paper. 
Inventory Management Approaches for Multi-Echelon Networks
The approach of Multi-Echelon Technique for Recoverable Item Control (METRIC) is most frequently cited in research on spare parts inventory management in multi-echelon networks and applied in practice. This method was developed by Sherbrooke (1968) for repairable items of the Air Force that tend to be expensive and low in demand. It is the basis for several multi-echelon models used in military services. The METRIC approach considers inventory systems with one central warehouse and several depots, and calculates for every item the optimal stock level for several bases with a one-for-one replenishment policy (cf. Sherbrooke, 2004; Muhammad Naiman Jalil, 2011 ). An extension of this mathematical model known as the MOD METRIC model was developed by Muckstadt (1973) . It calculates base and depot spare stock levels with explicit consideration of hierarchical parts structures, describing logistics relationships between components and final products. Slay (1984) obtained a better approximation by deriving a term for the variance of the number of items in repair with a negative binomial distribution. This method is called the VARI-METRIC (Muhammad Naiman Jalil, 2011). Graves (1985) adjusted this approach by developing a derivation that assumes constant resupply times. Sherbrooke (1986) analyzed this derivation and showed that the VARI-METRIC model improves upon the MOD-METRIC model. While the previous work mostly considered one-for-one ordering policies, several studies have focused on handling batch ordering policies (e.g. Svoronos & Zipkin, 1988 or Axsäter, 2003 . Although the METRIC approach and its extensions are clearly the most applied inventory management approaches for multi-echelon networks, they are solely applicable for a restricted variety of network configurations with a priori determined ordering policies. They do not consider the specific requirements of after-sales service networks, and can only be applied to a limited number of network forms. Nevertheless, part of this approach, the METRIC approximation, is appropriate for the developed distribution planning method and has therefore been integrated.
Spare Parts Stocking Concepts for MultiEchelon After-Sales Service Networks
Spare parts stocking concepts are not consistently defined in the literature. This section attempts to illustrate and categorize the main approaches for stocking spare parts within multi echelon after-sales service networks. The most widely applied stocking concepts in the spare parts domain are fully decentralized and fully centralized stocking. Decentralized stocking has the advantage of short reaction times due to proximity of inventories to customers. However, it is accompanied by high inventories, particularly in highly decentralized networks, such as the after sales service networks considered in this paper. Centralized stocking has the advantage of achieving potentials in stocking and source pooling, but it is associated with longer response times. The selective stocking concept combines the advantages of both the centralized and decentralized concepts: fast moving or critical parts are stored on lower echelons, and slow-moving or non critical parts on higher echelons (cf. Pfohl, 2010; Vahrenkamp & Kotzab, 2012; Klug, 2010; Meierbeck & Grossmann, 2012) . Further approaches that are considered in the literature are the consignation storage concept, the just-in-time concept (JIT), and the vendor managed inventory concept (VMI) (cf. Schuh et al., 2013; Surjandari et al., 2010) . In the network forms regarded in this research work, consignation storage can be applied for customers with large bases and highly critical response time requirements. However, the VMI and JIT concepts are not appropriate for the considered aftersales service networks, since VMI requires strong and stable collaboration between service providers and customers and JIT delivery schedules. Despite the applicability of the illustrated concepts, the exact definition and embodiment of these concepts, including ordering policies and supply relations between the echelons, are not defined in the literature.
Spare Parts Ordering Policies for AfterSales Service Networks
Inventory control systems can be separated into continuous review and periodic review policies. Continuous review policies are accompanied by continuous monitoring of the inventory position, meaning that an order is placed whenever the inventory position decreases to a predetermined level. Periodic review policies check inventory positions only at a certain point in time, where the intervals between these reviews are generally constant. For items with low demand, and thus for spare parts, continuous review policies are the most appropriate. The most common continuous ordering policies are the (s,Q) policy and (s,S) policy. When applying (s,Q) policy, a batch quantity of size Q or a multiple of Q is ordered if the inventory position is equal to or lower than the reorder point s. The (s,S) policy works in the same way; however, after the inventory position falls below the reorder point s, it is ordered up to the maximum level S, which needs to be additionally defined. These two inventory policies only differ when the reorder point is not exactly hit. An alteration of the (s,S) policy, the (S-1,S) policy, also called base stock policy, will always order unless there is no demand (Axsäter, 2006) . This ordering policy is appropriate for high-cost and low demand items (Sherbrooke, 1986) . Consequently, the (s,Q) policy and (S-1,S) policy are the ordering policies that are most suitable for spare parts in after-sales service networks and are considered for the solution approach (cf. Biedermann, 2008) .
INTEGRATED SPARE PARTS DISTRIBUTION PLANNING APPROACH
For the described spare parts distribution planning task, an integrated approach with appropriate planning methods has been developed, as shown in Figure 3 . The developed method consists of three main steps and integrates real-time status information about equipment utilization and service conditions for enhancing the demand information basis for subsequent distribution planning decisions as presented by Thormann (2014) . The general idea of this framework will be explained in this section. After that, certain aspects of the developed methodology will be introduced. Cost-optimal EDIMDA for all network entities under specific consideration of service levels, time, and capacity constraints
In the first step of the development of the distribution planning approach, spare parts stocking concepts have been analyzed to determine appropriate stocking strategies for the considered multi echelon after-sales service networks. In this context, spare parts stocking strategies are defined as a readily designed combination of stocking, sourcing, and disposal decisions of all autonomously acting network entities as well as the corresponding supply relationships of a distribution chain. These stocking strategies have to be applied for each spare part within the after-sales service network. By matching appropriate stocking strategies with the network-specific requirements, a strategy tool kit with applicable stocking strategies alternatives has been developed, which can be applied by each distribution chain. However, after sales service providers need to consider all decisions of each part and each distribution chain simultaneously to find stocking strategies that minimize the total logistics cost for the considered network. This is because strong reciprocity exists between the decisions for each part and the distribution chain. For instance, following the notation of Figure 1 , the cost-optimal stocking strategy for CDC RDC1 B1 might be to stock a particular part in the branch storage, whereas the network wide cost-optimal stocking strategy considering all distribution chains would be to stock this part in the central distribution center and to supply the branches on demand. Moreover, capacity restrictions exist at the branch and mobile storage locations. Therefore, only a set of spare parts has to be stored at the branch storage stage, which minimizes the network-wide logistics costs. For this reason, making these decisions successively or in an isolated manner might result in a loss of pooling potential and higher logistics costs. Thus, aftersales service providers need to simultaneously consider all possible decision alternatives within the network to satisfy each network entity in terms of the required service level and in minimizing the total logistics costs. Due to the variety of spare parts, network entities, and available decisions, an optimization model is used to find stocking strategies for each spare part and distribution chain. For the integration of the developed stocking strategies into an optimization model, the stocking strategies have been logically broken down to echelon-dependent inventory management decision alternatives (EDIMDA). EDIMDA will be defined as applicable combinations of sourcing, stocking, and disposal decision alternatives that can be taken on each distribution stage (echelon) for each part. They determine whether to stock a spare part or not, what inventory policy to choose, and from where to source a spare part for each network entity. Since EDIMDA represent decisions for only one part and echelon, it is possible to quantitatively evaluate these decisions and model them in the optimization approach. Based on the integration of real-time demand information and the EDIMDA, the integrated spare parts distribution planning approach follows three main steps. In the first step, all considered EDIMDA are parameterized for each stocking location and spare part with a developed heuristic applying the METRIC approximation (cf. Muckstadt & Sapra, 2010 or Axsäter, 2006 . The parameterization facilitates the quantitative evaluation of each EDIMDA with developed cost models in the second step. The final step involves a binary linear optimization model that simultaneously considers all parameterized and evaluated EDIMDA of the parts for each stocking location in the network by minimizing total cost and considering capacity and time constraints.
Since this approach has been developed for tactical distribution planning, the method should be applied after an interval of several months, after significant change in demand has occurred. For this, service providers need to retrieve the real time equipment status information and forecast the demand as presented by Thormann (2014) . With the updated real time demand information, the three steps of the distribution planning method should be initiated. After that, service providers need to check the distribution planning results with the current distribution plan and implement appropriate adaptation measures, such as the adaptation of stocking policies or disposal parameters, or the reallocation of spare parts within the after-sales service network.
Spare Parts Stocking Strategies Tool Kit for Multi-Echelon After-Sales Service Networks
To determine optimal stocking strategies for each spare part and distribution chain, a stocking strategy tool kit for after sales service networks has been developed (see Figure   4) . The strategy tool kit is required to reduce the solution space for the optimization model, by limiting decisions to only those strategy alternatives that are applicable for after sales service networks. Therefore, ineffective stocking strategies, corresponding to the definition given in the previous section, will not be considered. For instance, when considering a two echelon distribution chain with a CDC and a branch, it is not sensible to apply a batch ordering (s,Q) policy at the branch, when it sources a part at the CDC due to the low demand of the decentralized entities.
Figure 4 Spare Parts Stocking Strategy Tool Kit for Multi-Echelon After-Sales Service Networks
The strategy tool kit considers three distribution stages, which consist of the central, regional, and branch distribution stages. The latter has two storage location types: the branch storage location and the mobile storage locations of the respective service cars. These two stocking location types comprise one distribution stage, since the hinterland of a branch is geographically restricted and service technicians are usually able to access both storage locations. Therefore, it is not economical for a branch to store a part at both the branch and mobile storage locations. The stocking strategies refer to only one part and one distribution chain, following the definition in Figure 1 , and pursue the general objective to maximize the pooling potentials and achieve economies of scale in the considered networks. In after-sales service networks, pooling potentials can be best achieved in sourcing and stocking (Cohen et al., 2006) . Transportation pooling potentials on the distribution side cannot be achieved in after-sales service networks, since the demand of the decentralized entities is low and sporadic and transportation is carried out by a CEP service provider (Muhammad Naiman Jalil, 2011). Thus, for maximizing pooling potentials in stocking and sourcing, only the first stage of a distribution chain can source from an external supplier and apply the batch-ordering policy to supply down-stream connected network entities. It is assumed that all down stream connected network entities source the part at the internal upstream distribution stage to maximize sourcing and stocking pooling potentials. This assumption is valid since this research work considers after sales service networks of one corporation. The stocking strategies can be separated into single-echelon, multi-echelon, and cooperative stocking strategies and are briefly explained in the following:
 Single-echelon strategies: These strategies allow a spare part to be stocked at only one stage of a distribution chain and are most likely to be applied for slow moving or non critical parts within a distribution chain. • Multi echelon strategies: These strategies allow the respective part to be stocked at two or three stages and are appropriate for fast moving or critical parts or for distribution chains with long lead times.
• Cooperative stocking strategies: These include consignment stocking, where a part is stocked at the customer location and supplied by the internal central or regional distribution center. These strategies are only for highly critical parts at customer bases with a large amount of equipment and high response time requirements.
Regardless of the number of distribution stages of the respective strategy, the regional distribution centers serve as the first distribution stage solely for parts that are exclusively required by their down-stream connected branches, for example, for regionally required parts, to avoid the loss of pooling potential. Similarly, a branch acts as the first distribution stage only if the respective part is exclusively required in this branch. 
Decomposition to Echelon-Dependent Inventory Management Decision Alternatives
The stocking strategies of the developed tool kit have been logically decomposed to echelon-dependent inventory management decision alternatives (EDIMDA). They define all possible combinations of sourcing, stocking, and disposal decisions for each distribution stage. EDIMDA can be integrated in the optimization model, which will then choose the optimal decision alternative for each storage location of a distribution stage. The different EDIMDA compositions of the respective network entities of a distribution chain are able to build any combination of the stocking strategy tool kit.
The EDIMDA and their respective model indices are presented in Figure 5 , where the decision alternatives of the central, regional, and branch distribution stages are shown. The central distribution stage has the fewest number of alternatives, namely three, since this stage can only source from external suppliers. The regional distribution stage has four decision alternatives. The largest number of alternatives is in the branch distribution stage, since numerous sourcing alternatives exist and parts can be stored in either the branch or mobile stocking locations. The cooperative stocking strategies are not broken down in EDIMDA since they require strong collaboration between service providers and customers and cannot be determined just by an optimization model. However, if desired, they can be easily defined and added to EDIMDA and modeled in the optimization approach. The deduced and defined EDIMDA are depicted in Figure 5 . 
Steps of the Distribution Planning Method
After the required inputs and the general idea of the integrated distribution planning approach are illustrated, this section focuses on introducing the different steps of the method. Steps 1 and 2 are briefly described in section 3.3.1; however, it is not in the scope of this paper to present the entire parameterization and approximation heuristic and the respective EDIMDA cost models. Section 3.3.2 presents the third step, the optimization model for integrating EDIMDA.
Steps 1 and 2: Approach for Parameterization, Approximation, and Cost Evaluation
To determine the optimal stocking strategy for each distribution chain and spare part that minimizes the total logistics costs of the after sales service network, the optimization model needs to determine the right EDIMDA combinations of each stage of a distribution chain for a spare part. The determination requires parameterization and evaluation of the EDIMDA. Therefore, an approach for evaluating the different decision alternatives has been developed, since the cost of the respective EDIMDA depend on whether a network entity will stock a part or not, where it sources a part, and what ordering policy and disposition parameters it uses. Depending on the sourcing decision and the accompanying replenishment time, the disposition parameters of the respective ordering policy will be parameterized using the METRIC approximation (cf. Muckstadt & Sapra, 2010 or Axsäter, 2006 . The METRIC approximation enables the approximation of lead time and the evaluation of average inventories and backorders. The approximation is integrated in a developed heuristic, which parameterizes the EDIMDA based on the real-time demand information, such that a certain service level is achieved. The parameterized EDIMDA can then be evaluated with cost models, which consider process cost, including handling, ordering, transportation, and provisioning costs as well as process-independent costs, such as holding and contract penalty costs. The parameterized and evaluated EDIMDA for each network entity and spare part serve as the 7 input parameter for the optimization model presented in the next section.
Steps 3:Optimization Model for the Integration of EDIMDA
The developed optimization approach is a binary linear model, where the objective function is to minimize the total costs for each spare part and distribution stage under specific consideration of lead times and capacity constraints. The respective cost functions are linear and consider all cost elements as described in section 3.3. Constraints for a Two-Echelon (CDC-B) 
APPLICATION
To analyze the practical applicability of this model, a computational analysis has been conducted for a practical case with 1 central distribution center, 10 branches, and 1,000 spare parts. In this case, the CDC can apply each of the three CDC-EDIMDA and the branches six of the nine BDS-EDIMDA (applied BDS-EDIMDA: 1, 2, 4, 5, 6, 8), which yields 63,010 variables. For the solution of this model, a state-of-the-art commercial solver applying a branch and cut algorithm has been used, which is a wellestablished method for solving integer programming models. The problem has been solved almost to optimality within seconds and a minor optimality gap of 0.01%. The computational analysis shows that a practical case can be solved in a very short time and with a high degree of quality; thus, an alternative algorithm or heuristic is not required. Since in the practical application of optimization models, the availability of data and estimation of costs are even more important, further research should address these problems. Further analysis will also be done with different network configurations with more branches and spare parts to examine the application of this model and algorithm under different conditions. Moreover, a study will be conducted to analyze the potential cost reduction resulting from this approach. The result of the optimization model is an optimized distribution plan, which can be transferred to a disposal scheduling list when combining it with the results of step 1. The disposal scheduling list should be a consolidated list of spare parts for each storage location with the optimal disposal strategy and respective parameters for each part, which minimizes the total logistics cost of the after-sales service network.
CONCLUSIONS
This paper presents an approach for the integration of real-time demand information and planning of spare parts distribution, and appropriate planning methods that aftersales service network providers can apply to find costoptimal spare parts stocking strategies. The paper illustrates the relevant approaches in the literature, and introduces spare parts stocking concepts and ordering policies. Based on this analysis, a spare parts stocking strategy tool kit and the derived EDIMDA are proposed. Finally, the paper presents the three steps of the method of the distribution planning approach, including a heuristic for approximating, parameterizing, and evaluating EDIMDA, and a binary linear optimization model for choosing EDIMDA, which can also be solved for large problem instances. A regional distribution stage can be easily integrated by adding the required constraints, since the EDIMDA are already defined. Moreover, due to the modular structure of this approach, it can be easily extended to more echelons in a similar way, when developing further EDIMDA and adjusting the optimization model. This could be considered for further research, although more than three distribution stages are not very common in after-sales service networks. However, two main questions remain for further research. The first issue is either the determination of events, such as a significant change in spare parts demand, that will prompt the necessity to optimize distribution planning or the determination of appropriate time intervals for applying the distribution planning method. The second issue is that this approach assumes centralized planning: all network entities support the objective of minimizing the total cost of the after-sales service network. However, due to common existing profit center structures in large scale companies, this assumption does not always hold true. Therefore, further research should also address how the respective network entities can be incentivized such that centralized decisions are supported and satisfied. Answering this question could yield a very promising integrated spare parts distribution planning approach for providers of after sales service networks.
